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Ch.4

Entropy and Its Balance Equation

Instructor: Bing Joe Hwang (bjh@mail.ntust.edu.tw)
Office: IB1208




1. What Is Entropy?

2. Entropy Balance and Reversibility

3. Engines and Entropy
4. Entropy Changes of Matter



What Is entropy?

Mass and energy balance equations are not always sufficient to
solve all the thermodynamic energy flow problems

Need a balance equation for an additional state variable -- entropy.
Unidirectional character of natural processes (All spontaneously

processes proceed only in the direction that tends to dissipate the
gradients in the system => lead to equilibrium state and never in

the reverse direction <= entropy.

For any extensive variable 8 of a closed, isolated, constant
volume system

“
*
-
.’
*

de .y T -
—— =(rate at which @-¢ntersthe system)—(rate at whieh @ leaves the system)+ 0.,

dt & .



¢ Use entropy balance for problem solving
+ Calculate the entropy change between two states of an ideal
gas

¢ Calculate the entropy change of a real fluid using
thermodynamic properties charts and tables



At equilibrium, a0 =)= E)gen =0 and 6 = constant

dt

Let Qgen >0= % >0, away from equilibrium

@ is monotonically increasing and reaches to a maximum at
equilibrium state.

@ represents the unidirectional evolution of a system to the
equilibrium state.

Find a variable 0 that
0., 20

The variable 0 is a nonconserved variable and a state variable.

Definition of entropy, S: Let entropy (S) is a state function. The rate
of entropy change results from the heat flow is Q/T, where T is the
absolute thermodynamic temperature of the system at the point of
the heat flow. If there are mass flows across the boundaries, the
total entropy of the system will also change due to this convected
flow.



4 Equilibrium and Spontaneity

* For an isolated constant-volume system,
spontaneous process occurs and leads the
system to a state of equilibrium.

do
— For the balance of any property 6, Fri O en
— At equilibrium (the final state), 3¢ _4 _g
dt "
— Thus, we conclude that »

at equilibrium, 6 = constant or =
away from equilibrium, 99 .0 (>0 or <0)
dé o a .
— If 5> %then 6 is increased during this process.
If =2 d‘9 <othen 0 is decreased during this process.

- FoIIowmg the changes of a suitable 6 can tell the
direction of the spontaneous process.



« Definition of Entropy

The entropy (S) is a state function. In a system in which
there are flows of both heat and work across the

change_is Q/T, where T is the absolute thermodynamic
temperature of the system at the point of the heat flow. If,
In addition, there are mass flows across the system
boundaries, the total entropy of the system will also
change due to this convection flow. That is, each element
of mass entering or leaving the system carried with it its
entropy.

____________________________________

dS d dQ !
:—=$ or dS=?Q or AS:I Q: Qs a path
L e liiiioooo-lolo property 11?2



ds 4 )
— =>M,S, +%+Sgen (4.1-5a)
+ For a closed system
as O .
—==4+85_ 4.1-5b
df T gen ( )
+» For a closed system and through a reversible process
‘2 = QT' : : Reversible & Adiabatic => Isentropic
The's&¢ond Taw of thermodynamics
: das
S,en 20, and 2 0 at equilibrium (4. [- 50)
[
Show that

+ (1) S is a state function
(2) S,.,=0

Since entropy generation depends on the detailed internal relaxation
processes, we consider the following thermodynamic system.



T A To evaluate the entropy change of
A B subsystems, we construct a successive
equilibrium heat transfer process.

, The subsystems A and B are passing
Q through a succession of equilibrium states

i.e., quasistatic process

. dS Q_rev ( q p )
S,., =0 => ——==
8 dt T,

7

For subsystem A

ds, O _-h(T,-T,)

dt TA TA 'rev:_'rev:_hT_T
For subsystem B dS, _ Q" _-h(I;-T,) 4 E (7,-1,)
d T, 7,

The entropy balance for the isolated, nonequilibrium
composite system:

@ZS _ d(SA +SB): h(TA _TB)2 > ()
d dt rr,

Rate of entropy generation is positive

Rate of entropy generation is proportional to the second
power of the system nonuniformity.

S on o (ATY



MW General Entropy Balance Equations
NTUST

<« Differential form

d—‘S—ZMS +?+5

« Difference form

S, -5, ZLMSde La’tJrS

whereS,,,, = S dt totaZ entropygenemted)

t] gen

lllustration 4.1-1 Clausius Statement of the Second Law

+ It is not possible to construct a device that operates in
a cycle and whose sole effect is to transfer heat from a

colder body to a hotter body.

+ Show from the axiom S, > 0 that the process below is
impossible.



Energy balance over one complete cycle: T,

U,~U,=0=0+0,+F,

Q,
0, =-0, (possible)
Clausius T,>T,
Entropy balance over one complete cycle: Device
Sf_Si:OZ%_l_%_'_Sgen NQ1
1 1,
SN :_Qz_leQl_leQ i_i T1
“rn nn L L7

Since T, > T,, if Q, was positive (heat flow into
device from cold body) then S ., < 0 (impossible).

If Q, was negative (heat flow from high T to low T) or
Q, was positive and T, > T,, S, > 0 (possible).

» The statement of the second law, S, > 0, is
consistent with the Clausius version, but much more
general than it.



= |llustration 4.1-2 Kelvin-Planck
ALELR statement of 20 law

<It is not possible to construct a device operating in a cycle that
results in no effect other than the production of work by
transferring heat from a single body>

Energy balance over one complete cycle:

T (- Kelvin-Planck
U,=U;=0=0+W Device —W
W=-0 (possible)

Entropy balance over one complete cycle:

Q
Sf_Si:O:?_FSgen T

Q

S.., = —% <0 (impossib/e)

gen

Heat can not be completely converted to work in a cyclic
process.

If Wis positive and Q is negative, the process is possible.

» Work can be completely converted to heat in a cyclic
process. Heat is less useful than Work.




'k ; The entropy balance and reversibility

Reversible processes => equilibrium=> §_, =
S een (sysrem gradient)z, eg. (VT )2

rate of internal relaxation processesx (system gradient), eg., (VT)

If small (VT) —>q= Sgen [oc (VT)z]z negligible

A process occurs with small gradients in temperature and velocity
=> the rate of entropy generation is essentially zero
=> the process can be considered to be reversible
Observations:
¢ Observe an open system during 0 => ¢, and t, => t,, where ¢, = 2t,.

Mass Bal.: M,—-M, :ZIgledt+ZLf2Mkdt
k oot
5t - I dV - - 2 - dV - -
Engergy Bal.: U,-U, :L {ZMka—PE+PK +Q}dr+ ) {ZM,(H;(—P—'FWS "‘Q}'f

dt

Entropy Bal.= S, -8, = |’ {ZMS + 2 }mj [ZMS +Z }dtJr'l.:Soendt+ " S,



General equation:

Special cases:
(1) Closed system

SO

(11) Adiabatic process
(111) Reversible process

(iv) Open steady-state system

SO

(v) Uniform system

K .
a0 .
0= E MkSk+?+Sgen
k=1

S=MS

in Egs. a, b, and e
in Egs. a, b, and e

in Egs. aand b

(a)

(b)

(c)
(d)

(e)

(f)

Note: To obtain the entropy balance on a molar basis, replace M §k by NiS - and M S by NS, where S is

the entropy per mole of fluid.



NTUST Entropy: A New Concept

Table 4.1-2 Difference Form of the Entropy Balance

General equation

Special cases:
(1) Closed system

SO

(11) Adiabatic process

(111) Reversible process

K .tz . A
Sy 5y =Z/ M, S, dr+
= t

set M, =0
15)
S—85 = %clt—l—SLn

I

h [
set / g dt =0
n T

J 1

I
% dt + Sgen

in Eq. a

in Eq. a

in Egs. aand b

(iv) Open system: Flow of fluids of constant thermodynamic properties

K rz . A K A
set Z /rl M, S, dt = Z AM; Sy in Eq. a
k=1" k=1

(v) Uniform system

S =MS

in Eq. a

(a)

(b)

(c)

(d)

(e)

(t)

Note: To obtain the entropy balance on a molar basis, replace M S by NS, f, M, SA dt by f, N,\S dr,

and A My SA with AN, S ,.



NTU: 3 Reversibility

< If all the mass, heat, and work flows are reversed between ¢,
and t, from that between 0 and ¢,,

Mass Bal.: M,-M,=0= M,=M,
Engergy Bal.: U,-U,=0=> U, =U,
Entropy Bal.= S, —§, IS dt+JS dr= 5, S+JS dt+ S Al

S, 25, (mmal state and final state may be dlﬁ‘erent)c 1rreverszble

¢ If the change process is infinitesimal =
S . =0andS,=S8, < reversible

gen
A Sgen
174}, irreversible
-“.._..... é
.’é 2’
,v""’ R
¢ ."-_._’..?,n.".n-.,... g U

. 2 conserved surface



Examples of reversible and irreversible

process

Table 4.2-1

Reversible process: A process that occurs with no internal temperature,

pressure, or velocity gradients, and therefore no internal flows or
viscous dissipation

Irreversible process:

<+ Flow of fluid in a pipe or duct in which viscous forces are present
<+ Heat conduction process in which a temperature gradient exists
<+ Any process in which friction is important

<+ Mixing of fluids of different temperatures, pressures, or composition.



“k _ , The characteristics of reversible process

Reversible processes:
<~ Maximum amount of work is obtained.
+» Minimum amount of work is needed.
« An upper or lower limit for real systems
For a closed, constant T and V system:

energybalance:U_,-U]=ZJ‘:M kdt—l—Q—l—WS-J‘P%t[df =U,=U,+0+W, (a)
k

2. r2Q
entropvbalance: S, -5, = M S, dt+ | =dt+§
! Zk:v..u F v..r] T

gen

:>S2:S]+%+Sgen (b)

Let T=T, =T, and from eqs. (a) and (b), we get
w,=(U,-1.S,)-(U,-1,8,)+1S,,, = 4, - 4, + 1S ,,

where A=U -TS < Helmholiz freeenergy>

W™ =A,-A, forclosed and constantT &V system

W =w""+1S, =

gen

S SO0SW 2w

gen

gen

» W>0 (work required) WV is min.
+ W<0 (work done by the system) W'V is max.




“k , The characteristics of reversible process
W -E.ﬂ;._’wi't-

For a closed, constant T and P system:

energvbalance: U, -U, =ZJ;TMI4dt+Q+T/K -JPi;t/dt =U,=U,+Q0+W, -(R,V_, -P}VI) (c)
k

entropybalance: S, - S, = ZJ;TM%+ J‘:%dt+ Sen =35,=5+ % +8,, (d)
k

LetT=T,=T, P=P,=P,and from egs. (c) and (d), we have
w,=(U,+PV,-T.8,)-(U,+PV,-T,S,)+1S,,, =G,-G, +TS
where G=U+ PV -TS = H-1S < Gibbs free energy>
W' =G, -G, forclosed and constantT & P system
again W, =W " +1§

gen

gen

For a reversible process in a closed system
Q?‘E\' — U:} 'U1 _W?‘é‘\‘
Forareal process,Q=U,-U,-W =U,-U,-W™"-TS

gen

= 0=0""-18,  (less heatis required foran irreversible process)

gen

=W =W""+18,, (more workis required foran irreversible process)

gen

= (—W"e")- (-W) =18,,, (lost work)
+ e.d., (work required) 100 = 80 + 20 & (work done) -100 = -120 + 20
= Mechanical work => thermal energy (TS,) due to irreversibility

=> effective work



Evaluate entropy changes from other state variables

e ntn l.':;:y:-'l‘-

Assumptions:
= Open system
» KE & PE terms are neglected
= Only one mass flow stream
= Mass and heat flows occur at the same T

Mass Bal.: ci}i\f_ M

daU . . . _dV U _gM o5 pd
EnergyBal.: — =M H+Q-P—+W, |:> dt dt dt

& dt ds . adM . .

ds 0 I—=TS—+0+TS,,
EntropyBalE :M S+?+Sgen dt df

dU=H dM +Q-PdV +W,
TdS =T SdM +Q+TS,,,

For a reversible process (S, = 0)

Q" =1dS-T S dM (onlyvalid forreversible processes,

dU =T dS+(-PdV +W.)" +GdM

Q" =0""+15,,

(-PdV +W, )" =(-=PdV +W,)"" -TS,,
For a system without shaft work AU = TdS - PdV + G dM
For a closed system without shaft work dU =1dS - PdV

) dU=TdS-TS,,,- PAV+W, +G dM



Fundamental thermodynamic relationship

dU=TdS-PdV
Only state variables in the above equation
The equation is valid, regardless of the paths and the systems

It is a fundamental thermodynamic relation

Energy functions
U => dU=TdS-PdV => U=f(S,V)

H=U+PV => dH=TdS+VdP => H=f(S,P)
A=U-TS => dA=-PdV-SdT => A=f(T,V)
G=H-TS => dG=VdP-SdT => G=f(T,P)



Heat, work, and entropy

e ntn l.:;,l_’!,l':"l‘-

Heat => heat engine => work

O, T, For a steady-state operation
or a cyclic system:
Heat Energy balance 0=0,+0,+W (1)
Engine 0 9
Entropy balance 0=="+->+§,, (2)
1 2
: T] 'Tz
0, T, — Work done by the engine =-W =0, 7 -1, 8, (3)
1
Maximum work is obtained if S ., = 0 (reversible):
T,-T
W — 1742
( )max QI[ ]; ]
(enginee]ﬁciencyn)m = (- Pg)”’“" = TII:TZ = f(T,,T2)only
1 1
e.g.,. 1,=3000C=573KT,=40°C=313K=n, = % =0.40

nacruai = 0 5 nmax



Heat, work, and entropy

From eqgs. (1) and (3):

'Qz :Q1£+T S

]} 2 Y gen

(>0) (0) o)

It is impossible to convert all the heat supplied to engine into
work (Q, = 0), unless T, = 0 K and reversible.

Work (> 0) can completely convert into heat.
energy balance: -Q,=Q, + W
Eq. (3): Sgen = Q; [(1/T,) = (1/T,)] + (WIT)
(>0) (>0) (>0) (> 0)
Mechanical energy can be considered as a higher quality of
energy than thermal energy.



process work heat
a=>Db |[reversible & isothermal " Q, (>0
expansion R bV (< 0) oY
b=>c |reversible & adiabatic [ Pav (<0) |0
expansion %
c=>d |reversible & isothermal (" pPav (>0) |Q, (<0)
compression ol
— I I I .Va
d=>a |reversible & adiabatic ["rav (>0) |0
compression “Va
. 0, 0,
ﬂ T a U " b
b v, ’ f
w=-["Pav i Q" =|"TdS
5 . % : C
0, -




Carnot engine

For one complete cycle:

0=W+Q,+0,
)9 0
T T

whereW=-j:deV-ijdV-j:"PdV- :”PdV

'WcarnoerJ'[%QzJ [T T]QJ

-w 1, -1,
0, T

Carnot engine is the most efficient engine.
Its efficiency is independent of the working fluid.

Camot max

=1




Work supplied by Carnot engine, W = -_[P dV
-Wnet = '(Wab + Wbc + ch + Wda) P
= area (a-b-c-d) in PV diagram
= work done by the Carnot engine

Differential entropy change corresponds
with the differential heat flow dQ for a

reversible process in a closed system: T

_5Qf'ev rev
d$==— =0 =[Tas

- It is valid for irreversible processes with heat
transfer only. AU= Q + W= Q' = Qe

Qnet:|QI‘_|Q2‘:_Wnet
=ared(a-b-c-d) in TS diagram




Convert the thermal energy of a flowing flow into
mechanical work.

ﬁ?..?f’.?f’.ﬁ‘.ﬂ'.)(..?!ﬁ‘.?ﬁ .......... Y
0=N,+N, = N, :NQ_ N.T,
0=(H,-H,)N, +Q+W — W

Q = -T(Sl -52)N1 -ngeu
VVs - -Nl [(Hl - TS])- (HZ - TSZ )] + ngen
note : H -TS, #H,-T,S, =G,,unless T =T,

N,.T,

For an isothermal flow engine (T, =T,=T) * W,=-N,(G,-G,)+TS

gen
For an isothermal, reversible process ... > (W)( -N,(G,-G.)
For an adiabatic process ..., > (W )admbme_ N.(H,-H.,)
s - - =2
0 = N](§1 -S )+Sgerr
For an adiabatic and reversible process - * 0=N,(S,-5,) :>§§] =S,

(isentropic pl’OCQSS) A



Compressor and turbines

Shell balance at steady state,

AN N

/
¥

Forareversible process,
G yon = 0

g =N o e o g s
dL dL dL

- Jrev

W]i[ AL=dH-TdS=dU+PdV +V dP-TdS =V dP

- rev

e = j%dL: [rar




Continuous flow systems

For the ideal gas undergoing an isothermal change. PV = RT,

deP j L dpP= RTI—_RTJn?

1

An expansion or compression follows a polytropic process,
P,V = P,V," = constant,

dr _y(PV,-BV,)

pr y-1

W. = (constant) I

For an ideal gas
y =0 = for anisobaric process

y =1 = for an isothermal process

y =0 = for a constant volume (isochoric ) process [, =V (P, — P, )]

y = C,/C,, = for a constant entropy (isentropi c) process (ideal gas & constant C,,)

In calculating the changes of state variables (such as U, S, A,
G, ---), any convenient path can be used (frequently,
reversible path)



* A polytropic process:
— Fluid during an expansion (or compression):
PV’ =PV’ = constant

For an ideal gas, )
« v =0 for an isobaric process.
« v =1 for an isothermal process. >
« v = oo for an isochoric (constant-V) process.
© 1= ColC /

« Work from a reversible flow-type engine
foIIowing polytropic process,

dP PV.,-PV
W o —IVdP— 1/yj' "_:7/( oV o 1_1)
pY y—1




For an ideal gas

dU=C,dT, P=RT/V, C,=C,+R

is=Lav+Lay - Srar i Ray
T T T v

S(z,. v,)-s(z. KJ:C;I“[&}M(LJ

1 v,
§(T2’ Pz)_g(Tlv P1)= Cp ]n[%)—R]n(ij]

S(e. v:)-5(7, K1)=C?h(%)+c;m(%)

—1 1

For a solid or liquid

ds=YauLar<Lau
S i

also C,, = C, forliqguids & solids,
dT

dU=C,dl = Cydl = dS~Cp= = S

(7,)-5(1))



4.5 Applications of entropy balance

1. system choice
2. mass and energy balance equations

3HU>PV,TDfPT

Thermal EOS Volumetric EOS
u=£f(T,y P=f(T,V)

4. balance egs. = f (P, T, mass, W, Q)

5. If number of unknown = number of the equations =
<<The problem can be solved>>
If number of unknown > number of the equations =
<<Need additional balance equations>>
e.g., entropy balance equations



usT Entropy: A New Concept

« Ex.4.1-1

The 2" law statement of R. Clausius (1822-1888)
IS that It is not possible to transfer heat from a
colder body to a hotter body. Show form the
axiom S, = 0 that the process below is

Impossible.
Tz

fo

Clausius
device

o

5> T




5T Entropy: A New Concept

« Ex.4.1-2

An alternative statement of the 2" [aw, due to
Lord Kelvin (Willlam Thomson,1824-1907) and
Max Planck (1858-1947), is that it is not possible
to construct a device operating in a cycle that
results in non effect other than the production of
work by transferring heat from a single body.
Show form the axiom S, > 0 that the process
below is impossible.

Kelvin-Planck
device

_fe

T

- |}/




HW:

 Find out how this steam engine works.
» What is the implication of that “heat
cannot be completely converted to work

”

NOTE:

1. We can use other medium
instead of H,0.

2. If the heat comes from a

:\\' <
\

%

I,

R combustion reaction, it is

AT
“ﬁ N

e o
b 1

called the combustion

Boulton & Watt 1784 (from wikipedia) engine.



“KJJ Examples



e Solar Energy Conversion

« Ex.4.3-1

Show that a solar or photovoltaic cell that converts
solar energy to mechanical energy or electrical energy
must emit some of the energy of the incident radiation
as heat.



“itid Solar Energy Conversion

e Ex.4.3-2

Based on analysis distribution of the frequency
distribution from the sun, it can be considered to be
emitting radiant energy with a Stefan-Boltzmann
distribution at 6000 K. Estimate the maximum efficiency
with which this radiant energy can be converted to
electrical energy using solar cells. For this analysis,
assume that the solar cell is operating in steady state
and is receiving radiant energy, that its surface
temperature is 300 K, and that it is losing heat by
conduction to the environment.



Entropy Changes of Matter

* For a closed system:
— Mass balance: AM=M,-M,=0
— Energy balance: AU=U, -U, =Q+W
— Entropy balance: as=s, -s =$+Sgen

 Both U and S are state properties. Therefore,

— change of U with respect to the state of a system can
be analyzed by the above energy balance equation.

— change of S with respect to the state of a system can
be analyzed by the above energy balance equation
when assuming reversible process.



Entropy Changes of Matter

|t was also shown eatrlier that for a closed system
dU =TdS-PdV or dU=TdS-PdV

l.e., du PdVv NOTE the concept
ds = T t T of “state property”.

* For an ideal gas (in a closed system):
— du=C,dT and P=RT/V

du  Pdv _CdT Rdv
T T T Vv

S(T,,V,)-S(T,V,) = CVIn( 2)-|-R|n(_2)
— Using the ideal gas Iaw thls eqn can be transformed to
§(T2’ Pz) - §(T1’ 1) = Cp In(T_Z) -R |n(32)

~dS =

S(P,V2) - S(RV) = G In(2) + CrIn(2)



Entropy Changes of Matter

* For liguids and solids:
— dU=C,dT =C,dT and dV <<

du  Pdv _C.dT

-.dS =
- T T T

L dT NOTE the concept
S(T,)—-S(Ty) = L Co e of “state property”.

« S with respect to the state of matters can be
available from Tables (e.g., steam table) and
charts (e.g., T-S diagram or P-H shown in Ch.3).



Entropy Changes of Matter

« Ex.4.4-1

Compute the entropy change on mixing 1 kg of steam
at 1 bar and 200 °C with 1 kg of steam at 1 bar and 300
°C. of water.

« Ex.4.4-2

Compute the entropy generated by the flow of 1 kg/s of
steam at 400 bar and 500 °C undergoing a Joule-
Thompson expansion to 1 bar.



Entropy Balance Equation

 Ex.4.5-1

Estimate the exit temperature and power requirement
for a gas compressor and include the entropy balance
analysis. As in Ex.3.4-4, assuming that the inlet to the
compressor is air (as an ideal gas with C, =29.3 J/mol
K) at 1 bar and 290 K and that the discharge is at 10
bar, estimate the temperature of the exit gas and the
rate at which work is done on the gas for a gas flow of
2.5 mol/s. .



 Ex.4.5-2

For the case of a compressed gas cylinder connected
to another evacuated cylinder (Ex.3.4-5), consider the
following choice of system and apply the entropy

balance.

1§ Entropy Balance Equation

e

Initial
state

Final
state




Entropy Balance Equation

e Ex.4.5-3

(Ex.3.4-5 continued) A gas cylinder of 1 m3 containing
N, at 40 bar and 200 K is connected to another cylinder
of 1 m3, which is evacuated. A valve between the two
cylinders is opened until the pressure in the cylinders
equalize and then is closed. Find the final temperature
and pressure in each cylinder if no heat flows into or
out of the cylinders or between the gas and the cylinder.
walls. The gas is ideal with a constant-pressure heat
capacity of 29.3 J/mol K.
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Ex.4.5-4

(Ex.3.4-6 continued) Show that the entropy S Is a state
function by computing AS for each of the three paths.

(a) Isothermal compression to 10 bar
and then isobaric heating to 300 °C.
(b) Isobaric heating to 300 °C
following by isothermal compression
to 10 bar.

(c) A compression in which PVY =
constant, where y = C,/C,, followed by
an isobaric cooling or heating, if

necessary, to 300 °C. 50

0

350 -
300 |
250 |
%) 200

&~ 150 b

100 [

Initial state

Final state

0

2 4 6



Entropy Balance Equation

 Ex.4.5-5 (max S at equilibrium)

A well-insulated box of volume 6 m? is divided into two
equal volumes. The left-hand cell is initially filled with
air at 100 °C and 2 bar, and the right-hand cell is
Initially evacuated. The valve connecting the two cells
will be open so that gas will slowly pass from cell 1 to
cell 2. The wall connecting the two cells conducts heat
sufficiently well that the temperature of the two cells will
always be the same. Plot the pressure change of both
cells and (2) the change of total entropy. Air can be
considered as an ideal gas of constant heat capacity in
this case.

1 2




Entropy Balance Equation

e ExX.4.5-6

An engineer claims to have invented a steady-flow
device that will take air at 4 bar and 20 °C and separate
It into two streams of equal mass, one at 1 bar and -20
°C and the second at 1 bar and 60 °C. Furthermore, the
Inventor states that his device operates adiabatically
and does not require (or produce) work. Is such a
device possible? Air can be considered as an ideal gas
of constant heat capacity of C.* = 29.3 J/(mol K).



(a) Turbine-heat pump system

» Hot air, 1 bar

Compressed air at Turbi Heat pump driven
room temperature urbme At [l T by turbine
1 bar 0
= > Cold air, 1 bar
=
Work
(b) Hilsch-Ranque vortex tube
Cold l
2 / Warm air .
ol | —_— Q: Can you apply this

Compressed air

Compressed

air
@ (cross section)

f4 5 5

concept in the design
of drinking water stand
to provide both chilled
water and hot water?



"iTid Entropy Balance Equation

e Ex.4.5-7
A steam turbine operates at the following conditions:

Inlet Outlet

Velocity (m/min) 2000 7500

T (K) 800 440

P (MPa) 3.5 0.15

Flow rate (kg/hr) 10 000

Heat loss (kJ/hr) 125 000

a. Compute the horsepower developed by the turbine and
the entropy change of the steam.

b. Suppose the turbine is replaced with one that is well
Insulated, so that the heat loss is eliminated, and well
designed, so that expansion is reversible. If the exit
pressure and velocity are maintained at the previous
values, what are the outlet steam temperature and the
horsepower developed by the turbine?



Mit:d Entropy Balance Equation

* EX.4.5-8 (Sye, = 0 for reversible processes)

a. By considering only the gas contained within the
piston-and-cylinder device of Ex 3.4-7 to be the system,
show that the gas undergoes a reversible expansion in
each of the four processes.

b. By considering the gas, piston, and cylinder to be the
system, show that the processes a, b, and c are not
reversible and that process d is reversible.
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Entropy and Exergy

« P.4.31 (useful work, availability, exergy)

d.

. For an open system at steady state, W, =M(B, - B,), where B=H -T;S

Useful work of a process = (the total work done by the system) —
(the work done in expansion of the system boundaries).

. The maximum useful work is obtained with reversible process and

all heat transfer to surrounding T,. Also, the feed and exit streams
In an open system should be at ambient conditions.

. For a close system, W™ =A, - A, where A=U+PV -T,S

e.g., 1 kg steam in a piston-  _______

and-cylinder system change in _ W,
from 30 bar, 600 °C to 5 batr, : W |
so0cc,  TTTTTmET

A

e.g., a coal-fired power plant
generates ca. 2.2 kWh for : W
each kg of coal burned, :




